Hierarchical maximum entropy Bayesian method is proposed to establish the reliability evaluation model for data sample with unknown priori information. The probability density functions are calculated for different time series using the maximum entropy principles and the Bayesian method is utilized to obtain the posterior sample information for different time intervals. The values of performance continuity relative reliability for time series data sample can be calculated during the corresponding time intervals and the failure degree maintaining optimum performance status in the future can be predicted.
Introduction
The performance of rolling bearings, especially the vibration performance, has an important impact on the working accuracy, service life and performance reliability of the corresponding host. So the degradation assessment and fault diagnosis for rolling bearings attracts more and more attention from domestic and foreign scholars [1] [2] [3] [4] . In the process of reliability test, it is unnecessary to carry out complete life test for some expensive, high-precision and high-reliability rolling bearings. Therefore, it is of great engineering significance to evaluate the performance continuity reliability of rolling bearing vibration performance before rolling bearings failure.
Performance continuity reliability (PCR) of rolling bearings, is the probability of a rolling bearing maintaining optimum running status during a test or practical application, and also the probability of its not exceeding its performance threshold. Under the existing research conditions, the probability distribution density functions and the variation trend of rolling bearing vibration performance are still unknown or uncertain, which belongs to the research category of poorinformation system theory (PIST). Poor information is that the characteristic information of objects researched is incomplete or inadequate. Among the poor-information system theory, maximum entropy principle is widely used in the scientific research, which can be applied to solve the unknown probability distribution making the subjective estimation error minimum [5] [6] [7] .
Bayesian theory fully considers a variety of prior information and combines the prior sample information with the current sample information to establish a statistical inference on the basis of the posterior information [8] [9] [10] . Although the Bayesian theory can make full use of historical data, it is easy to cause errors coming from subjective factors in the calculation process, which leads to the reduction of the accuracy for the calculation results. The problem provides an opportunity for the combination of maximum entropy principle and Bayesian theory, making up for the shortcomings of Bayesian theory. Combining the maximum entropy principle with Bayesian theory, not only can make full use of the prior information to make the results more reliable, but also can utilize the maximum entropy principle not leading into artificial hypothesis so as to ensure the accuracy of the results.
Mathematical models

Collecting the data samples
During the service period of rolling bearings, the vibration acceleration data is periodically recorded. The time variable is defined as t, and w time series are obtained as X w , shown in Equation (1).
Where w stands for the order number of time series X w ; r is the number of time series; x w (k) is the kth performance data in time series X w ; N is the number of original data.
The intrinsic series is the time series where the performance data is recorded during the optimum vibration performance status for rolling bearings, which is recorded as first time series and expressed by X 1 .
Solving the probability density function
Transmuting the performance data into continuous information, the probability density function f w (x) of the time series X w with maximum entropy is defined as Equation (2).
Where c 0w is the first Lagrange multiplier and c iw is the (i+1)th Lagrange multiplier for the time series X w ; i is the order number of origin moment, i=1,2,...,j; j stands for the highest origin moment order; generally, j =5.
According to the maximum entropy principle, the optimal estimation of the density function based on sample information can be obtained, and the main idea of maximum entropy is that the solution is the most "unbiased" among all feasible solutions.
Based on the mapping of the original data in the interval [-e, e], the probability density function in Eq. (2) can be obtained and shown in Equation (3) .
In order to be more adaptable for researcher's habits, the variable t is replaced by the variable x.
Parameter estimation
Set a significant level and let α∈(0,1). The confidence level P is given by Equation (4). The upper boundary value x Uw should satisfy Equation (6) . 
Calculating posterior probability density function
In order to study the variation process of the vibration performance reliability for rolling bearings, the posterior probability density functions (PPDF) for each time series are constructed according to Bayesian statistics as Equation (7).
Where hyf w (x) is the PPDF of the wth time series X w ;Ω 1w is the intersection of the feasible regions of the data samples for the intrinsic series X 1 and the wth time series X w .
Predicting for the performance continuity relative reliability
The performance continuity reliability (PCR) for vibration performance of rolling bearings is used to express the possibility that rolling bearings run at the optimal vibration performance status. The PCR for the intrinsic series is defined as R 1 =1. The PCR for the vibration performance of the wth time series is expressed by Equation (8) . Where S 1w is the overlapping area for the posterior probability density functions (PPDF) of the wth time series and the intrinsic series; x 1L and x 1U are the lower and upper bound values of confidence intervals for the PPDF of intrinsic series, respectively; x 1w and x 2w are the abscissa values of the intersections for the posterior probability density functions (PPDF) of the wth time series and the intrinsic series, and x 1w <x 2w ; η w is the overlapping area for the probability density functions (PDF) of the wth time series and the intrinsic series, shown in Equation (9) . Where x L1 and x U1 are the lower and upper bound values of confidence intervals for the probability density functions (PDF) of intrinsic series, respectively; x w1 and x w2 are the abscissa values of the intersections for the PDF of the wth time series and the intrinsic series, and x w1 <x w2 .
The variation probability of the PCR for different time series relative to the intrinsic series is defined by Equation (10) . (10) According to the concept of relative error in measurement theory, the failure degree of rolling bearings running at the optimal vibration performance status, that is, the performance continuity relative reliability (PCRR) for vibration performance of rolling bearings, is expressed by Equation (11).
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Where R 1 is the PCR for the intrinsic series of rolling bearings.
Evaluation for the failure degree of the optimum vibration performance state
The basic principle of vibration performance classification for a rolling bearing is described. 1) According to the principle of significance in hypothesis testing, if the performance continuity relative reliability (PCRR) d w is not less than 25%, which shows that the PCR at this assessment time is not less than the PCR at the optimum time, and it cannot deny that the vibration performance of the rolling bearing has reached its optimal state; otherwise, it can deny that the vibration performance has achieved its optimal state.
2) When the performance continuity relative reliability (PCRR) d w is less than 25%, if the absolute value of relative error d w is in (25%, 50%], this indicates that the error between the evaluation value and the optimum value is small. If the absolute value of relative error is in (50%, 75%], this indicates that the error between the evaluation value and the optimum value is gradually increasing. If the absolute value of relative error is greater than 75%, this indicates that the error between the evaluation value and the optimum value is very large.
Based on that, the vibration performance of a rolling bearing is divided into A1, A2, A3, A4 for a total of four levels: A1: If d w ∈[−25%, 0%], it indicates that the vibration performance of the rolling bearing at a future time reaches the optimum, and the optimal vibration performance status has almost no failure possibility.
A2: If d w ∈[−50%, −25%), it indicates that the failure possibility of the optimal vibration performance status is small. A3: If d w ∈[−75%, −50%), it indicates that the failure possibility of the optimal vibration performance status is gradually increasing.
A4: d w <−75%, it indicates that the failure possibility of the optimal vibration performance status is very large.
According to the four levels of vibration performance for a rolling bearing, the evolution process of the degree of failure in maintaining an optimum vibration performance status can be predicted effectively.
Therefore, the period of d w =−75%, is the critical time where optimum vibration performance becomes poor. Putting appropriate measures in place before the critical time, can avoid serious safety accidents that are caused by a state failure in optimum vibration performance.
Conclusions
Based on the hierarchical maximum entropy Bayesian method, the reliability model is established to evaluate of the performance continuity relative reliability for bearing vibration performance, which has no requirements for the priori information of data samples, types and components of bearings. Combining the maximum entropy principle with Bayesian theory, not only can make full use of the prior information to make the results more reliable, but also can utilize the maximum entropy principle not leading into artificial hypothesis so as to ensure the accuracy of the results.
